Introduction
Autoreactive T cells that target insulin-producing b cells are the central players in the pathogenesis of type 1 diabetes (T1D). Detecting islet antigen-reactive T cells is like finding the proverbial needle in the haystack. Autoreactive T cells are present at very low frequency in peripheral blood, are often of low functional avidity and are surrounded by a multitude of potentially cross-reactive irrelevant cells. Their detection therefore challenges the boundaries of sensitivity of many techniques. Several innovations have been and will continue to be introduced to overcome this challenge. Among the plethora of factors influencing the detection of T cell responses, only some are associated intrinsically with the disease process (i.e. true biological variation), while many others are critically dependent upon experimental procedures (i.e. assay variability). It is for this reason that the T-Cell Workshop Committee of the Immunology of Diabetes Society (IDS) continues to devote substantial effort to developing and validating T cell assays. Less emphasis, however, has been put upon defining optimal procedures common to virtually all T cell assays, i.e. the isolation and preservation of peripheral blood mononuclear cells (PBMCs) . Are there methods that we can recommend for these operations, based upon published evidence? What are the knowledge gaps that need to be filled?
We set out to define optimal, standardized conditions for the initial steps leading up to T cell assays, from blooddrawing to PBMC isolation, freezing/thawing, shipping, preservation and preparation for T cell analyses (Fig. 1) . We limited our literature search to antigen-driven T cell responses, as mitogens [e.g. phytohaemagglutinin (PHA), anti-CD3/CD28 antibodies, lipopolysaccharide (LPS)] used in many studies target non-specifically a large proportion of T cells, resulting in non-physiological responses of high magnitude that do not mimic antigen processing and presentation to low-frequency T cells. Given the paucity of literature on these technical aspects in the autoimmunity field, we harvested information from the neighbouring fields of tumour and viral immunology. In so doing, we reasoned that what does not work adequately for analysing viral or tumour antigen-specific T cell responses is unlikely to work in the more challenging arena of autoimmunity. When possible, we then summarize recommendations for each of these procedures, or point out those parameters that need to be explored further before recommendations can be formulated. Moreover, the strength of recommendation when analysing islet antigen-specific T cell responses has been scored depending on whether data were generated in the diabetes autoimmunity field or in other domains, on whether the report was confirmed independently and on whether data addressing the point directly is available or not. Recommendations were therefore ranked by levels of evidence (A-E; Table 1), as follows:
A: procedure validated in b cell antigen-specific T cell assays, confirmed independently (more than two peerreviewed publications from different groups); B: procedure validated in b cell antigen-specific T cell assays, awaiting independent confirmation (only one peer-reviewed publication); C: procedure validated in antigen-specific T cell assays outside the diabetes field, confirmed independently (more than two peer-reviewed publications from different groups); D: procedure validated in antigen-specific T cell assays outside the diabetes field, awaiting independent confirmation (only one peer-reviewed publication); and E: expert opinion, for which no supporting publications directly obtained with antigen-specific T cell assays are available. There are published reports suggesting that the parameter under scrutiny may be relevant for T cell assays, but no direct proof is available. Therefore, it may be advisable to keep this parameter under consideration, but no recommendation can be formulated.
This position statement is not meant to offer the ultimate solution to all blood processing issues, but will hopefully be a starting point for further advancements in this field.
Blood-drawing
It is well known that multiple physiological factors such as nutritional status, hormone levels and circadian rhythms influence immune reactivity. In addition, some technical aspects of blood collection affect the viability, yield and functionality of immune cells contained in whole blood.
Fasting/feeding state
The immunosuppressive effects of nutritional deprivation may be exerted by different mechanisms. Notably, fasting is accompanied by a prompt decrease in serum leptin levels, an adipokine with immune modifying properties. Indeed, leptin administration to fasting mice reverses the immunesuppressive effects of acute (48 h) starvation, as assessed by delayed-type hypersensitivity responses [1] . Moreover, leptin boosts human T helper type 1 (Th1) and suppresses Th2 cytokine responses in the presence -but not in the absenceof antigen stimulation, thus behaving like a genuine co-stimulatory factor. The leptin effect is more pronounced on naive CD4
+ T cell proliferation, and on memory CD4 + T cell interferon (IFN)-g secretion (increased) and interleukin (IL)-4 production (decreased) [1] . Conversely, leptin potently inhibits proliferation of naturally occurring CD4 + regulatory T cells (Tregs) [2] . Hinting further at the potential confounding effects of leptin levels in autoimmune studies, leptin is required for and accelerates development of experimental autoimmune encephalomyelitis [3] [4] [5] and autoimmune diabetes in non-obese diabetic (NOD) mice [6] [7] [8] . In longer starvation protocols lasting 7 days, fasting was also accompanied by decreased plasma insulin-like growth factor (IGF)-I levels, decreased total T cell and CD4 + T cell counts, and reduced IL-2 production upon PHA stimulation [9] . However, as all these experimental protocols employed fasting periods of at least 36 h, it is not clear whether more customary 8-12-h fasting intervals would have appreciable effects.
Fewer studies have analysed the reverse situation, i.e. the effects of feeding on immune parameters. In one of these studies, healthy volunteers were either fasted or fed a standardized diet, and blood collected every 15 min for several hours. Meal intake was paralleled by a rise in plasma cortisol, which was accompanied by a decrease in lymphocyte count and IFN-g responses to mitogen stimulation in vitro [10] . In healthy humans, raising blood glucose acutely while blocking endogenous insulin secretion by octreotide led to an increase in plasma IL-6, tumour necrosis factor (TNF)-a and IL-18 concentrations within 2 h, which returned to normal at 3 h. Interestingly, cytokine levels were higher both before and after glucose challenge in subjects with impaired glucose tolerance (IGT). This rise was dependent upon oxidative mechanisms, as concomitant infusion of glutathione as a reducing agent abolished the effect [11] . In further support of these data, agents that increase insulin secretion and decrease postprandial glycaemia, such as mitiglinide, blunt the increase both in oxidative stress and inflammatory markers [12] . Similar results were obtained upon a glucose challenge in vivo or in vitro, which up-regulated inflammatory genes [intercellular adhesion molecule (ICAM)-1, TNF-a, IL-6], especially in subjects with the metabolic syndrome [13] .
In line with these data, observations in T1D patients document associations between blood glucose levels, C-peptide concentrations and HbA1c with antigen-reactive enzymelinked immunospot assay (ELISPOT) T cell responses [14] , as well as with systemic cytokine (IL-1RA, adiponectin, IL-6) and chemokine (CCL3, CCL4, CCL5) concentrations [15, 16] . Taken together, these reports document that meal intake, glycaemic levels, metabolic derangements and the responses triggered by them (e.g. oxidative stress) lead to an increase in basal (non-antigen-stimulated) levels of inflammatory cytokines.
Another critical parameter introducing variation might be the fluctuation in serum insulin concentrations between the fasting and the fed state. This could be particularly relevant when investigating insulin-specific T cell responses. Moreover, other effects of insulin on T lymphocytes and other immune cells cannot be excluded [17] [18] [19] [20] .
In summary, nutritional state and circulating hormones and cytokines may influence T cell responses. However, 
Time of day for blood-drawing
Apart from the fasting/feeding state, many immune functions exhibit circadian rhythmicity [21] , and thus the time of day at which blood is taken may also be an important variable. In response to tetanus toxoid, the ratio of IFN-g/ IL-10 secretion in whole blood attained its zenith during early morning (3 a.m.) and reached its nadir in the late morning and afternoon (10 a.m.-8 p.m.) [22] . The zenith corresponded with the peak of plasma melatonin, while the nadir was related with the peak of plasma cortisol. These hormones have reversed circadian rhythms and opposed immune effects, with cortisol inhibiting and melatonin enhancing proinflammatory immune responses (e.g. IFN-g and IL-1 production). Further suggesting a cause-effect link between these hormone-cytokine associations, the IFN-g/ IL-10 ratio was reduced significantly by late evening administration of cortisone (due mainly to reduced IFN-g levels) [22] . The circadian rhythmicity of immune function suggests that blood drawing for T cell studies may be performed at the same time of day for more accurate comparison (level of evidence: E). Further studies are needed to clarify whether this would apply to PBMCs purified from whole blood, as washing steps would greatly reduce cortisol and melatonin concentrations during T cell stimulation.
Blood-drawing technique
A comparison between blood drawn with heparinized syringes versus blood collected using vacuum-driven devices [such as BD Vacutainer® tubes (BD, Franklin Lakes, NJ, USA)] was performed recently [23] . No significant difference was found either in terms of PBMC yields or T cell function. The latter was assessed by human leucocyte antigen (HLA) class I multimer and IFN-g ELISPOT assays, both targeting viral epitope-specific CD8 + T cell responses (level of evidence: D).
Anti-coagulants
It is often assumed that ethylenediamine tetraacetic acid (EDTA)-anti-coagulated blood is not suitable for T cell analyses, because its Ca 2+ -chelating properties may inhibit T cell activation. Bull et al. [24] compared EDTA, acid-citratedextrose (ACD) and sodium heparin as anti-coagulants for collecting blood samples. Contrary to common belief, they concluded that these anti-coagulants did not differ in terms of cell recovery, viability and function (as assessed by IFN-g ELISPOT and intracellular staining of PBMCs stimulated with CD8
+ T cell peptide epitopes). However, the performance of EDTA-stored blood tended to deteriorate more quickly with increasing storage time (24 h) before processing. This deterioration was less pronounced with heparin, as both viability and IFN-g secretion were more stable over time (8 versus 24 h ).
Similar conclusions were also obtained by comparing physical and phenotypic parameters with older technologies [25] . Light-scatter distributions were stable for ACD-or heparin-treated blood, whereas EDTA caused changes in the granulocyte distributions. Phenotypic determination of CD4 + (defined as Leu3 + ) and CD8 + (Leu2 + ) lymphocytes was also most stable for ACD or heparinized blood compared to EDTA [25] .
No significant differences were recorded when cytomegalovirus (CMV)-specific responses were analysed by intracellular IFN-g assays on PBMCs isolated from blood drawn on sodium heparin, lithium heparin or sodium citrate. However, when whole blood assays were performed in parallel, lithium heparin yielded slightly higher CMV-specific responses [26] . Hence, we recommend using heparin as anticoagulant for T cell assays (level of evidence: C). Lithium heparin may have an additional edge over sodium heparin for blood assays (level of evidence: D).
Blood storage until processing
This issue has been analysed thoroughly in the human immunodeficiency virus (HIV) field, where it was found that time from venipuncture to cryopreservation was the most critical parameter affecting subsequent cell recovery and function [24] . In this multi-centre study, the other parameters considered were type of anti-coagulant used, method of PBMC isolation and procedure for sample shipping. Although the performance of fresh PBMCs was not considered, an increase from 8 h to 24 h before processing and cryopreservation greatly affected sample quality. When PBMCs were drawn in sodium heparin and separated on a Ficoll gradient, 24 versus 8 h reduced recovery by 30% (from 83% to 53%), viability by 4% (from~96% to 92%) and viral peptide-reactive T cells (IFN-g ELISPOT) by 36-56% [24] . Similar results were obtained in an HIV vaccine trial, in which processing of blood samples within 12 h led to threefold higher IFN-g ELISPOT responses [27] .
One possible reason for blood stored for prolonged periods at room temperature performing less well in T cell assays is an increase in granulocyte contamination of the PBMC preparation. Granulocytes become activated upon prolonged storage, which affects their buoyancy profile resulting in less efficient separation by density gradient procedures [28, 29] . In a recent study addressing this point [29] , it was found that PBMC contamination by activated (CD11b + CD15 + ) granulocytes was observed within 8 h after venipuncture and room temperature storage (2·3-fold increase), and increased to 11·3-fold by 24 h, in comparison to PBMCs from fresh blood (< 3 h after venipuncture). Granulocyte contamination not only reduced the relative number of T cells present in PBMCs, but also inhibited T cell proliferation following PHA stimulation in~75% of samples [29] and IFN-g ELISPOT responses to CD8
+ T cell viral epitope peptides [23] . Both granulocyte contamination and inhibition of T cell responses were effectively limited when granulocyte activation was reduced by diluting blood in phosphate-buffered saline (PBS) or RPMI-1640 (1:1) prior to storage [23, 29] . Similar observations were made in a macaque study, in which granulocyte contamination affected the quality and quantity of spots in IFN-g ELISPOT assays [30] . It should be noted, however, that granulocyte contamination is not the only factor altering T cell responsiveness upon prolonged blood storage. Indeed, blood samples kept under conditions minimizing granulocyte contamination (i.e. gentle agitation) also displayed decreased CD8 + T cell responsiveness against viral epitopes compared to short-stored blood and functional recovery upon preliminary dilution [23] . Interestingly, a trend towards increased counts of viral epitope-loaded HLA tetramer-positive CD8 + T cells was observed instead upon prolonged blood storage. Also in this case, blood dilution prior to storage corrected this phenomenon. The mechanism underlying this observation may be the same one at play for reduced IFN-g ELISPOT responses. T cells from stored blood may be less responsive to antigen-specific stimulation, as elicited by peptideloaded antigen-presenting cells in ELISPOT assays and by peptide-loaded HLA molecules in HLA multimer assays. While this translates into lower T cell responses in the case of ELISPOT, it may lead to increased multimer binding when tetramer assays are performed, as the T cell receptor may be less down-regulated upon peptide-HLA interaction. This mechanism is similar to that proposed for the facilitating effect of protein kinase inhibitors on HLA multimer staining [31] .
Comparison of samples kept under gentle agitation on a rocking platform versus tubes stored horizontally without any agitation showed similar recoveries, but non-agitated samples were highly contaminated with granulocytes after prolonged (18 h) storage [23] . Also in this case, the granulocyte contamination was associated with a significant decrease in IFN-g ELISPOT CD8
+ T cell responses against viral peptide epitopes. Blood storage at room temperature rather than at 4°C is also most suitable for PBMC preservation and to avoid non-specific T cell stimulation. In line with this widespread laboratory tradition, light-scatter distributions as well as CD4
+ and CD8 + T cell frequencies were found to be more stable upon storage at room temperature versus 4°C, due mainly to changes in granulocyte distribution [25, 32] . Granulocyte contamination also increases substantially upon storage at 4°C [29] .
Based upon these data, blood should be processed as soon as possible after drawing, ideally within 8-12 h (level of evidence: C). While waiting to be processed, blood should be agitated gently at room temperature (18-22°C) (level of evidence: D). If blood is not processed immediately (i.e. waiting time > 8 h), it should be stored diluted in RPMI-1640 (1:1) under gentle agitation, in order to decrease granulocyte contamination and to preserve detectable T cell responses (level of evidence: C). HLA multimer-based assays may instead perform better with undiluted blood (level of evidence: D).
Blood shipping
Conditions for shipping blood specimens for the eventual isolation of PBMCs have been identified recently as important for obtaining b cell-driven T cell responses. Isletreactive IFN-g ELISPOT CD8
+ T cell responses were detected using PBMCs obtained from blood specimens shipped at room temperature in insulated containers [33, 34] , although no comparison with other shipping methods or with isletreactive CD4
+ T cell responses was performed. Based upon these observations, it is advisable to ship blood specimens in insulated containers that limit temperature variations (level of evidence: B).
PBMC preparation
Several factors may influence the outcome of PBMC separation upon blood-drawing and storage. Addition of medium to whole blood before centrifugation, separation media from different sources, separation tubes, centrifugation speed and frequency and addition of serum are likely to have an impact on cell quality, quantity and/or function.
Separation media and separation tubes
A small study with a single blood donor investigated a commercially available Ficoll separation medium (Lymphoprep, Nycomed, Zurich, Switzerland) compared with an institutionally made Ficoll preparation (5·7% Ficoll, 9% sodium amidotrizoate; prepared by the Department of Immunohaematology and Blood Transfusion at Leiden University, the Netherlands). The latter yielded more CD3 + cells and higher tetanus toxoid-specific proliferative (up to 50% increase) and cytokine (up to 200% increase) responses [as measured by enzyme-linked immunosorbent assay (ELISA) on culture supernatants] [35] .
Another study compared standard Ficoll gradient centrifugation with BD Vacutainer® cell preparation tube (CPT™) (BD, Franklin Lakes, NJ, USA) and Leucosep® tube (Greiner Bio-One, Kremsmuenster, Austria) techniques [36] . The BD Vacutainer® CPT™ is a vacuum-driven drawing tube containing anti-coagulant and a cell separation medium, comprising a polyester gel and a density gradient liquid. It therefore enables blood to be drawn and PBMCs to be separated in the same tube, without the need for blood dilution or transfer to other containers. The Greiner Bio-One Leucosep® tubes have a porous membrane that separates the density gradient medium from the blood sample, thus avoiding their accidental mixture before centrifugation. This barrier thus eliminates the need for blood dilution and overlay on the Ficoll phase. Moreover, the same membrane keeps the PBMC layer separated from the red blood cell pellet and buffy coat after density gradient centrifugation, thus allowing PBMC recovery simply by decanting the tube. Ficoll and CPT™ were compared initially at a Swedish institution, leading to similar results in terms of PBMC yield, viability and function (IFN-g ELISPOT responses to a viral peptide pool). The same was not true when the study was repeated in a Tanzanian laboratory, where Ficoll separation yielded a higher number and viability of PBMCs than CPT™ tubes [36] . Another report comparing Ficoll and CPT™ separation reached opposite conclusions, with CPT™ giving higher yields and lower granulocyte contamination but lower viability [37] . A third report concluded that the recovery, viability and performance (IFN-g ELISPOT responses to CMV and HIV peptides) of cryopreserved PBMCs separated by Ficoll or CPT™ were similar [38] . Therefore, Ficoll and Leucosep® separation were compared additionally at the Tanzanian institute, highlighting better yields and viability with this second approach. IFN-g ELISPOT responses were not different with any of the three separation techniques using either fresh or frozen/ thawed PBMCs [36] .
The better performance of the Leucosep® device over Ficoll separation has to be interpreted in light of the degree of experience of laboratory personnel preparing blood. Indeed, the Ficoll separation technique is highly operatordependent, while the CPT™ and Leucosep® tubes are designed to avoid such variations. Conceivably, less experienced operators would benefit the most from these simplified devices, and this could explain the better performance of the Leucosep® tubes in the less specialized Tanzanian setting. Indeed, similar to most results obtained with CPT™ tubes [36, 38] , another study found no difference in the yields obtained between standard Ficoll versus Leucosep® separation, and no effect on IFN-g ELISPOT and class I tetramer readouts for viral epitope-specific CD8 + T cells [23] . The only difference was for blood stored 18 h prior to processing, as IFN-g ELISPOT responses to CD8 + T cell viral epitopes were higher for Ficoll-separated PBMCs, and equivalent to those detected upon shorter (3 h) storage. However, this difference was abolished when blood was diluted prior to storage. Of note, these are encouraging results, as they invite the use of simplified procedures such as Leucosep® or CPT™ separation for improved consistency among different operators, without a major loss in cell recovery and function.
Based upon data available to date, it is therefore recommended that blood is processed using Ficoll density gradient centrifugation. Ficoll separation can be performed using either standard tubes or special devices such as Leucosep® or CPT™ tubes for easier handling and better consistency (level of evidence: D). The level of experience of operators is an important factor in choosing between standard and Leucosep®/CPT™ tubes, as the latter are more convenient in less experienced hands or when multiple operators with different skills are involved in blood processing. Cost per sample also needs to be considered, especially for CPT™ tubes. Clearly, different Ficoll separation media can affect PBMC yields, but this issue needs to be further explored.
Washes
Several washing steps are involved during PBMC preparation. The use of different washing media [e.g. RPMI-1640, Hanks' balanced salt solution (HBSS) or PBS] has not been analysed thoroughly. However, addition of human serum to the washing buffer was found to enhance final PBMC yields greatly (up to 40·5% median increase). Yield improvement was proportional to the amount of human serum added up to 10%. Further increasing human serum concentrations did not raise PBMC counts further, but led to significantly reduced HLA tetramer staining (40·0% median decrease), without changes in IFN-g ELISPOT responses [23] . No comparison with sera or albumin of animal origin was performed, but these reagents should be avoided to rule out T cell responses to xeno-proteins. Based upon these results, it is recommended to perform PBMC washes in PBS or RPMI-1630 containing 10% human serum (level of evidence: D). The best compromise between human serum concentration/ cost and subsequent PBMC yields may be determined by each laboratory, depending upon the application. For 5,6-carboxy-succinimidyl-fluorescence-ester (CFSE)-based proliferation assays [39] , cells should be transferred to serumfree media prior to labelling and/or the CFSE concentration increased to avoid the blocking effect of serum.
Use of whole blood versus PBMCs
A feature of PBMCs is that they have been isolated from their physiological environment in blood by manipulation in a hyperosmolar Ficoll solution. Moreover, PBMCs are resuspended subsequently in artificial media containing serum or other growth-supporting factors, which may have profound modifying effects on T cell function. Changes in the function of dendritic cells (DCs) removed from their physiological environment may also affect adversely T cell responses to antigens that require processing and presentation. Unmanipulated whole blood approximates most closely the state of circulating cells in vivo and contains factors at physiological concentrations that influence T cell function. Moreover, whole blood assays can be performed more rapidly and conveniently, even in a non-specialized setting. Following culture with antigens or other stimuli, lysed/fixed blood or plasma can be frozen down and shipped to a central facility for analysis [40] . Another notable advantage is that smaller volumes are needed when blood is used without preliminary PBMC purification, making this type of assay particularly attractive in children or in settings where repeated testing is performed. Petrovsky and colleagues [41] suggested that blood should be used undiluted, as cytokine secretion (assessed by ELISA on plasma supernatants) decreases gradually with serial blood dilution. The optimal stimulation period in the presence of antigen was of 36-48 h, after which haemolysis becomes a problem. Time from venisection affected assay performance critically, already at 1 h after drawing [41] . The performance of PBMC versus whole blood T cell assays was compared by Suni and colleagues [42] using intracellular cytokine staining after a 6-h challenge with CMV. Undiluted whole blood consistently yielded higher T cell frequencies than purified PBMCs [42] . However, a more recent study [26] also using similar stimuli and the same T cell readout (intracellular IFN-g staining) reached the opposite conclusion: responses were consistently higher in PBMCs than in whole blood, occurred at lower concentrations of stimulant and were sometimes detected only on PBMCs [26] . In conclusion, further studies are needed to settle the question of the sensitivity of whole blood versus PBMC assays, and how red blood cell lysis affects T cell recovery and function.
PBMC freezing

Rationale
As with many biological investigations, it is often desirable to perform batch analyses of T cell responses on stored samples. This requirement stems from logistic considerations and from a need to reduce interassay variations, especially when samples are collected longitudinally from the same subjects. Moreover, large multi-centre clinical trials often demand that T cell analyses are performed in a centralized specialist laboratory. Availability of frozen aliquots also enables complementary analyses at later times, as new hypotheses arise or novel techniques become available. Attempts have therefore been made to optimize and standardize freezing protocols for human PBMCs, and to investigate the relative contribution of reagents, handling and timing on PBMC viability and function.
Freezing affects PBMC proliferation and cytokine secretion as well as protein and mRNA expression. Various mechanisms are responsible for cell damage during freezethaw processes, including oxidative stress, mechanical injury due to ice crystal formation, altered physical properties of cellular structures, osmotic injury, disturbed ion homeostasis due to Na + /K + -adenosine triphosphatase (ATPase) inhibition and apoptosis. Traditional protocols rely on supplementation of freezing media with penetrating cryoprotectants such as dimethylsulphoxide (DMSO), glycerol, ethylene glycol or hydroxyethyl starch [43] . Their major role is the prevention of lethal ice crystal formation and osmotic injury.
Overall impact of freezing/thawing on PBMC viability and function
Studies of the effects of freezing/thawing on PBMCs have been performed with blood of T1D patients [35, 44] , healthy subjects and patients with other diseases such as HIV infection [24, 45, 46] . As expected, all show that fresh blood yields more viable cells than frozen PBMCs. In T1D children, frozen PBMCs were found to secrete spontaneously more IL-6, IFN-g, IL-10, IL-12, IL-13 and monocyte chemoattractant protein (MCP)-1 upon thawing as compared to fresh PBMCs, using a multiplex ELISA technique on 72 h culture supernatants [44] . This was especially true for IFN-g, the spontaneous secretion of which was undetectable in fresh samples compared to~70% of cryopreserved samples. This observation is in line with data obtained with IFN-g ELISPOT formats, examining lowgrade CD8
+ T cell responses against viral peptide epitopes [33] . Basal IFN-g secretion was much higher in cryopreserved versus fresh PBMCs, but the net antigen-specific response remained comparable [33] . Similarly, increased net (i.e. basal-subtracted) antigen-specific secretion of IL-6, IFN-g, TNF-a and MIP-1a was observed upon stimulation of frozen/thawed cells with the T1D-associated self-antigen GAD65, whereas net IL-10 and IL-13 responses to GAD65 were diminished [44] . All other spontaneous and antigeninduced cytokine and chemokine responses tested [IL-5, IL-17; interferon gamma-induced protein (IP)-10, MIP-1b, regulated on activation normal T cell expressed and secreted (RANTES)] did not differ significantly between fresh and cryopreserved samples. Furthermore, spontaneous mRNA expression of forkhead box P3 (FoxP3) and transforming growth factor (TGF)-b1 was increased upon freezing [44] . The authors concluded that these differences between fresh and frozen PBMCs do not preclude T cell studies on cryopreserved material, as most antigen-specific cytokine responses are preserved or even amplified. Along the same lines, studies using conventional recall antigens concluded that optimized PBMC handling procedures allow detection after cryopreservation of similar frequencies of CD4 + and CD8 + T cells expressing type 1/type 2 cytokine signatures measured by ELISPOT [24, 47] . This is partially at variance with another report looking at IFN-g, IL-4, IL-5, IL-9, IL-10 and IL-13 responses measured by ELISA, ELISPOT and/or real-time reverse transcriptionpolymerase chain reaction (RT-PCR) in the basal state and after stimulation with self-antigens, allergens and mitogens in different patient groups (multiple sclerosis patients, atopic and non-atopic children and pregnant women). Significant differences were documented between fresh and cryopreserved samples, depending upon patient group, antigen stimulus and cytokine response. In particular, IL-4 expression was decreased in spontaneous and selfantigen/allergen-stimulated conditions in cryopreserved cells [48] .
Another study addressed the effects of Ficoll isolation and cryopreservation on DCs, showing that these procedures affect the ratio of plasmacytoid to conventional DC subsets and their chemokine receptor expression, resulting in more mature phenotypes [49] . B cells were also shown to be influenced by freezing [50] . Density gradient isolation, cryopreservation and thawing led to a significant loss of CD19 + B cells, whereas CD4
+ and CD8 + T cells were unaffected. However, small decreases in HLA-DR + CD38 + and CD45RA + CD62L + lymphocytes were observed within both the CD4 + and CD8 + subsets [50] . Similarly, a loss of CD62L and CCR5 expression in cryopreserved versus fresh PBMCs has been documented [51] . Despite these alterations, fewer than 10% of specimens that had proliferative responses to mitogens or microbial antigens lost their responsiveness after cryopreservation [50] . Another investigation reported significant (~36%) reductions in Treg (CD4
) cell frequencies in all samples from healthy subjects following cryopreservation. A strong correlation between the percentages of CD4
+
FoxP3
+ T cells in fresh and frozen PBMC samples was maintained, however [52] .
Overall, these investigations underscore the importance of developing standardized procedures optimized for the intended research purpose, in terms of antigens used, cytokine or other T cell readouts and subject groups. When frozen PBMC samples are used, it is essential to document the degree of reproducibility between fresh and frozen samples for each particular T cell assay employed. However, few systematic studies have tried to define the relative contribution of handling, timing and reagents used for freezing and thawing of human PBMCs. As readouts differ among studies, it is not always easy to generalize these findings. We summarize below the critical parameters analysed in these studies. Different freezing protocols do differ in their performance, and analysing the effects of these protocols on the autoimmune responses of T1D patients is an area of ongoing study for the IDS T-Cell Workshop Committee. While waiting for these and other investigations to fill gaps relevant to the T1D field, a tentative consensus is proposed where possible.
Freezing media
As explained above (see paragraph 'Blood storage until processing'), the critical parameter affecting PBMC recovery after freezing is the length of time of blood storage before processing [24, 27] . To a lesser extent, this is also true for fresh PBMC preparations, and is associated with increased granulocyte contamination [29] . In the study by Bull and colleagues [24] , blood samples were either stored for less than 8 h or for 24 h before PBMC isolation and cryopreservation. Results showed that storage of blood before processing for 24 h resulted in decreased PBMC viability (Ն 86-92%) and yields, compared to processing within 8 h (Ն 94% viability).
Bull and colleagues [24] also compared the performance of two different freezing media, i.e. 10% DMSO diluted in fetal bovine serum (FBS) or in 12·5% human serum albumin (HSA)/87·5% RPMI-1640. No significant differences in PBMC viability or yields were recorded [24] . In another study, Disis and colleagues [53] compared a larger panel of freezing media, namely FBS, human AB serum, HSA (12·5% in RPMI-1640) and dextran-40, all containing 10% DMSO. Surprisingly, PBMC viability using human AB serum was clearly inferior to all other media (77·9% versus > 93%, respectively), while dextran-40 resulted in significant cell clumping. Overall, these results are in line with those of Bull and colleagues [24] , as FBS and HSA performed equally well. When these two media were compared for the resulting T cell responses ([ 3 H]-thymidine proliferation against tetanus toxoid), only responses from HSA-cryopreserved PBMCs, although reduced, showed an acceptable correlation with responses of fresh PBMCs [53] .
Overall, these results favour HSA-containing freezing media. One problem, also shared by FBS and human AB serum preparations, is the variable quality and performance of different HSA sources and preparations. In particular, lipid contaminants present in HSA can affect T cell responses significantly. Use of recombinant HSA could be a viable alternative, but it has not been tested thoroughly. To limit lot-to-lot variability, serum-free freezing media have been considered. Martinuzzi and colleagues [54] reported superior PBMC recoveries in samples frozen in AIM-V® medium (Invitrogen, Carlsbad, CA, USA) compared to human AB serum, both containing 10% DMSO. After thawing, the IFN-g ELISPOT signal against CD8 + T cell viral peptides titrated at minimal concentrations did not differ significantly, but AIM-V® freezing medium allowed an average recovery of 17% more cells (P < 0·04) [54] . Interestingly, AIM-V® medium contains HSA, which may explain its superior performance.
Based on available data, no clear recommendation can currently be formulated. Further comparison of different freezing media needs to be carried out in the T1D field before a consensus can be reached.
Caspase inhibitors
Given that freezing/thawing procedures trigger apoptotic mechanisms, investigators have tried to inhibit these by adding the caspase-3 inhibitor zVAD-fmk in the freezing and/or thawing medium [55] . This was shown to reduce cell death by only~5% under optimal storage conditions, associated with efficient down-regulation of caspase-3 activation [55] . These studies were, however, performed on cell lines and haematopoietic progenitor cells. In the absence of data on PBMCs and relevant T cell readouts, no recommendation can be formulated currently.
PBMC concentration for freezing
In the study by Disis and colleagues [53] , no significant differences in viability were observed when PBMCs were frozen at concentrations of 1 ¥ 10 7 , 2 ¥ 10 7 or 3 ¥ 10 7 cells/ml per cryovial (1 ml per cryovial). Thus, it seems safe to recommend freezing PBMCs at concentrations Յ 3 ¥ 10 7 PBMCs/ml (level of evidence: E). Higher concentrations have not been tested systematically.
Rate of PBMC temperature decrease during freezing
A major aim in PBMC cryopreservation is to avoid intracellular freezing, which occurs when cooling is too rapid and insufficient intracellular water is removed osmotically. Equations have been developed which describe the kinetics of this water loss and permit one to predict the likelihood of intracellular freezing as a function of cooling rate. Conversely, slow freezing can also cause cell injury because, as ice forms outside the cell, the residual unfrozen medium forms channels of decreasing size and increasing solute concentration. Cells lie in these channels and shrink in osmotic response to the rising solute concentration. It is for these reasons that, upon suspension in the freezing solution, PBMCs should be gradually brought to lower temperatures. To ensure stepwise temperature decrease, devices such as 'Mr Frosty' containers (Nalgene/Thermo Fisher, Rochester, NY, USA) are used which exploit exchange with an isopropyl alcohol medium to achieve temperature lowering at~1°C/min rates. Alcohol-free containers using different temperature exchange systems (e.g. CoolCell, BioCision, Larkspur, CA, USA) achieve the same rate of temperature reduction. They have the notable advantage of lower runto-run variability, as there is no alcohol to be replaced every five freezing cycles. Such containers should be placed in -70/-80°C refrigerators, and transferred quickly into liquid nitrogen tanks after 24-72 h.
An issue which remains unsettled is whether the starting temperature of the freezing medium should be 4°C or room temperature. Traditionally, ice-cold freezing medium containing DMSO has been added to cells inactivated metabolically by chilling on ice to minimize toxic side effects of DMSO. An initial study from Kreher and colleagues [47] compared freezing cells according to this classic protocol with adding freezing medium at room temperature. This latter procedure afforded a cell recovery of 84% with a viability of~94%. In contrast, when chilled freezing medium was added, only 54% of the cells were recovered. Cold-frozen PBMCs were also less functional in an ELISPOT assay compared to warm-frozen cells [47] . The authors hypothesized that the metabolic toxicity of DMSO may be outweighed by a temperature-sensitive mechanism involving membrane lipids. At room temperature, membrane lipids are in a fluid state and the lipophilic DMSO can integrate evenly into the membranes to exert its cryoprotective effect. In contrast, chilling causes a membrane transition to a gel phase involving lipid crystallization that interferes with the integration of DMSO [56] . A subsequent study by Tree and colleagues [35] came to opposite conclusions: PBMCs frozen in warm medium lost recall responses to low-dose tetanus toxoid by ELISPOT, with higher numbers of IFN-g-secreting cells observed in the medium-only control. Responses were, however, detectable with cold-frozen PBMCs. A warm-freeze protocol has been implemented by the Immune Tolerance Network (http://immunetolerance.org/sites/files/ITN_ Protocol_PBMC-CPT.pdf).
In conclusion, it is not clear at what temperature (4°C or room temperature) the freezing medium should be added to PBMCs. However, the temperature should be gradually (1°C/min) decreased to -70°C (level of evidence: E). Cryovials should then be transferred promptly to liquid nitrogen (i.e. within 24-72 h) (level of evidence: E).
Storage temperature of frozen PBMCs
The duration of storage of frozen PBMCs is not indefinite (see the section 'Long-term PBMC preservation in liquid nitrogen') and the storage temperature will influence directly the time during which the samples can be recovered without damage. Lower storage temperatures are associated with extended viability of the preserved samples. Long-term (i.e. > 1 week) storage at -80°C should therefore be avoided, as PBMC recovery and viability are impaired severely upon thawing (level of evidence: D) [24] . In a comparison between Ficoll-isolated PBMCs stored and shipped in liquid nitrogen versus PBMCs stored for 3 weeks at -70°C followed by dry ice (i.e. -70°C) shipping, percentage of median cell recovery was 92% versus 80% and percentage of median viability 94% versus 91%, respectively, both differences being statistically significant [24] . However, short-term storage (i.e. Յ 72 h) is not significantly different at -80°C or in liquid nitrogen (mean viability 97·3 Ϯ 1·0% versus 98·2 Ϯ 1·0%, respectively) [53] . Short-term storage at -80°C can be an option when PBMCs are shipped shortly after freezing, as shipping can then be carried out on dry ice rather than in liquid nitrogen, without major losses (see paragraph 'Shipping of frozen PBMCs').
Lower PBMC recovery after prolonged storage at -80°C is due to the fact that, at this temperature, metabolic activity of the cells has not ceased, due to small residual amounts of unfrozen water. All metabolic activity ceases only when sample temperature is reduced to below the glass transition phase of water (-132°C). Storage below -130°C in liquid nitrogen therefore offers the most secure form of preservation. Because it is clear that storage in liquid nitrogen containers represents at present the best long-term option for PBMC preservation, the question is whether storage should be in the liquid or vapour phase. In liquid phase, samples are completely submerged in liquid nitrogen at a temperature of -196°C. Above the liquid nitrogen, the vapour phase is at a temperature of -150°C. As this is well below the glass transition phase of -132°C, storage in the vapour phase is sufficient for efficient PBMC cryopreservation (level of evidence: E).
Shipping of frozen PBMCs
Once stored in liquid nitrogen, frozen PBMCs should be maintained as such until use. This is particularly relevant when PBMC samples need to be shipped from one centre to another, as evaluated thoroughly in a multi-centre HIV trial [24] . PBMCs were prepared and stored at -70°C for 24 h, after which they were either shipped in liquid nitrogen containers (with vials stored in the vapour phase) or in dry ice. Although final PBMC performance (assessed by IFN-g ELISPOT and intracellular staining) was equivalent for both methods, shipping in liquid nitrogen proved superior, with PBMC recovery (92% versus 87%) and viability (94% versus 91%) differing slightly but significantly [24] . It is therefore recommended that PBMCs are shipped in liquid nitrogen (level of evidence: D). Although the T cell function (but not viability) was unaffected by storage and shipping at -70°C, in this case PBMCs were stored at -70°C for only 1 night before shipping, a condition difficult to achieve in the routine setting. More realistically, longer-term storage may be needed before samples can be shipped, a condition requiring temperatures below -132°C. Although not tested formally in any study, it is suggested that, unless the thawing step is under way, shifting PBMCs to higher temperatures once they are stored in liquid nitrogen should be avoided. This includes transferring cells from -180°C (i.e. liquid nitrogen) to -70°C (i.e. dry ice) or prolonged handling of vials as they are transferred from one container to another.
Long-term PBMC preservation in liquid nitrogen
Are some PBMC subsets more affected by liquid nitrogen storage? In HIV-1-infected patients, PBMC density gradient isolation, cryopreservation and thawing resulted in significant loss (~8%) of CD19 + B cells, but no measurable loss of total T cells or CD4
+ subsets. Interestingly, this loss was not specific to the freezing procedure, as it was already observed upon PBMC separation compared to whole blood. Only small decreases in activated (HLA-DR + CD38 + ; 3-6%) and naive (CD45RA + CD62L + ; 7-8%) fractions were observed within both CD4 + and CD8 + T cells. Loss of activated T cells had also already occurred upon PBMC isolation from whole blood [50] .
How long can PBMCs be stored in liquid nitrogen? Owen and colleagues [57] found that long-term (> 1 year) cryopreservation of PBMCs from HIV-infected individuals in the vapour phase of liquid nitrogen resulted in greater losses of IFN-g responses compared to short-term (< 6 months) storage, as measured by intracellular cytokine staining. These losses were observed for CD4 + T cells stimulated with either whole protein or peptide antigens, and for CD8 + T cells stimulated with whole protein, but not with peptide antigens. In other words, peptide-specific CD8 + T cell responses were the only ones to be preserved faithfully. Despite cell viabilities maintained at acceptable levels (81-95%), these losses may be due to a reduction in critical antigen-presenting cell (APC) populations. Indeed, adding exogenous APCs [in the form of autologous Epstein-Barr virus (EBV)-transformed B cells] partially restored IFN-g responses to protein antigen stimulation for both CD4
+ and CD8 + T cells, but it did not restore CD4
+ T cell IFN-g responses to peptide stimulation. Losses were also correlated with increased CD4
+ T cell apoptosis [57] . Based upon these observations, it is advisable not to store PBMC samples for more than 6 months whenever possible, especially when studying CD4 + T cell responses (level of evidence: D). Peptide-specific CD8 + T cell responses may be less susceptible to longer storage times. However, this recommendation can rarely be fulfilled in clinical trial settings or in longitudinal studies exploring the natural history of T1D.
Thawing of PBMCs
Thawing temperature
It is common laboratory practice to thaw cryopreserved PBMCs rapidly by transferring them directly from liquid nitrogen to 37°C, while promptly diluting and washing away the DMSO-containing freezing solution with pre-warmed medium. As for freezing, the rationale is to minimize osmotic variations likely to occur with slow thawing, and to avoid the toxic effects of DMSO. The study from Disis et al. supports this practice: when the thawing medium was precooled to 4°C, mean viability was 69·7% compared to 92·5% at 25°C and to 95·1% at 37°C (level of evidence: E) [53] .
Thawing volume, centrifugation time and speed
No differences in PBMC viability were observed when cryovials were resuspended after thawing in a large volume (50 ml) versus low volume (15 ml), or washed and centrifuged for 5 min compared with 10 min, or at 280 g compared to 450 g (level of evidence: E) [53] .
DNase treatment
Cell clumping is a frequent problem following PBMC thawing, leading to loss of cells. This is due commonly to cell death with release of viscous DNA, leading to cell aggregates which further adhere to and incorporate viable cells. GarciaPineres and colleagues, together with several other groups, reported that incorporation of a DNAse treatment step in the standard thawing procedure efficiently avoided clumping and did not result in detectable changes in cell viability, expression of standard leucocyte surface markers or T cell proliferation (as assessed by [ 3 H]-thymidine incorporation) and cytokine secretion (as assessed by cytokine multiplex assay on culture supernatants) in response to a variety of stimuli (PHA, tetanus toxoid and influenza A virus) [58] . Therefore, this procedure is compatible with T cell assays when cell clumping is an issue (level of evidence: C). DNase preparations purified from bovine or porcine organs should be avoided, however, as T cells could be activated by xenoprotein contaminants.
Resting PBMCs before T cell analyses
Several groups have reported that detection of antigenspecific T cell responses by IFN-g ELISPOT using cryopreserved PBMCs is improved when cells are rested prior to assay [27, 46, 59, 60] . This is due probably to the fact that a fraction of cells undergoing death is eliminated with resting, thus allowing more accurate counts of viable cells used for assay and eliminating interference by non-viable cells (particular with respect to background noise). This resting period has traditionally been overnight (~12 h) [27, 46, 59, 60] , but the optimal period has not been investigated. None the less, a resting period seems advisable for T cell assays such as ELISPOT and, possibly, for other functional assays using different readouts (level of evidence: C).
Critical parameters in performing T cell assays
Culture media
Most protocols with PBMCs use serum to provide optimal conditions for T cell viability, reactivity and expansion. As use of autologous serum or plasma is often impractical, human serum from AB-positive donors devoid of natural antibodies against the major AB blood antigens is used most commonly. Fetal bovine or fetal calf sera are sometimes used as alternatives, as they are more readily accessible and less expensive. Obtaining this material from animal fetuses assures a low level of immunoglobulins, thus limiting undesired cross-species reactions. All types of sera are heatinactivated before use by exposure to 45-56°C to destroy complement activity without affecting their culturepromoting properties. However, the use of human serum is recommended over serum from other species, as human T cells may have unexpected reactivities with xeno-proteins (level of evidence: E).
Another drawback shared by all serum preparations is the high lot-to-lot variability. This requires testing and comparing several batches to identify those with the best performance (defined typically as a low background : high signal ratio in the assay of choice). Such testing is recommended for human serum used not only during T cell assays, but also throughout PBMC isolation and freeze/thawing procedures. In this respect, use of serum-free culture media (e.g. AIM-V®, Invitrogen, Carlsbad, CA, USA; or X-VIVO®, Lonza, Walkersville, MD, USA) eliminates much of this variability. These media are proprietary formulations containing human serum albumin and different growth factors. A recent study by Martinuzzi et al. [54] found that PBMCs isolated freshly from healthy donors and stimulated in AIM-V® medium yielded higher (2·4-fold) antigen-specific signals in IFN-g ELISPOTS upon challenge with low-dose HLA-A2-restricted viral peptides, compared to RPMI-1640 supplemented with human serum. AIM-V® performance was also superior to serum-supplemented RPMI-1640 for detecting the IFN-g ELISPOT CD8
+ T cell responses of T1D patients against the HLA-A2-restricted glutamic acid decarboxylase (GAD)114-123 epitope [54] . Interestingly, the advantage conferred by AIM-V® as well as other serum-free media such as X-VIVO® was not due to the absence of serum itself, as it was preserved when serum-free media were supplemented with the same percentage and lot of serum used in standard RPMI-1640 medium [54] . Limited lot-to-lot variability and better performance in functional assays are arguments in favour of serum-free media (level of evidence: B).
Supplementation with low-dose cytokines such as IL-2 [33, 34] or IL-7 [54] may further improve detection of T cell responses to islet antigens. Indeed, addition of low concentrations (0·5 ng/ml) of IL-7 was found to enhance (1·5-fold) the signal-to-noise ratio in IFN-g ELISPOT assays with CD8 + T cell peptides. In this respect, IL-7 proved superior to IL-2, due perhaps to its preferential action on effector/memory [IL-7 receptor (CD127) + ] versus regulatory (CD127 -) T cells, or on memory versus naive T cells. Other cytokines found previously to increase detection sensitivity such as IL-15 [61] did not have the same effect, as they greatly increased background with little advantage on the net signal [54] . Interestingly, the IL-7 effect was highly synergic with that of serumfree AIM-V medium. Indeed, incorporating both variations into the ELISPOT procedure greatly amplified (35·1-fold increase) detection of low-grade responses to CD8 + T cell epitopes in T1D [54] , compared to a previously optimized procedure using human serum-supplemented medium and low-dose IL-2 [33] . Currently available data suggest therefore that IL-7-supplemented media may increase detection of antigen-specific IFN-g ELISPOT T cell responses, including islet-specific ones (level of evidence: B), but this superior performance needs to be confirmed.
Antigens
Another critical parameter is the quality of the antigens used in T cell assays. This is especially true for recombinant protein antigens, which are produced commonly in bacterial (Escherichia coli), yeast or Baculovirus systems. These technologies can carry over contaminants from the host cells to the final recombinant antigen preparation, including irrelevant proteins and endotoxin [62, 63] . The quality of antigen, including purity and endotoxin concentration, should therefore be evaluated thoroughly before application to T cell assays. The panel of recombinant protein antigens fulfilling these requirements can thus be limited. None the less, proteins allow exploration of the whole repertoire of T cell responses against the selected antigen rather than responses against specific epitope-HLA combinations elicited by peptide antigens.
Conversely, peptides can be synthesized by biochemical techniques at high purity. It is for this reason that many investigators prefer peptides as antigens for T cell assays. It should be noted, however, that even peptides are not completely free from minor contaminants that can affect results. For example, Mannering and colleagues [64] found that a CD4 + T cell clone raised against a 10-mer proinsulin C65-A9 peptide was specific for a minor (< 0·5%) contaminant N-terminal Fmoc (9-fluorenylmethoxycarbonyl) adduct. During peptide synthesis, Fmoc is used to block the N-terminus between additions of each amino acid and is removed normally in a final de-blocking step. The universal use of Fmoc chemistry means that traces of peptides with uncleaved Fmoc at the N-terminus may be present in many synthetic peptides. Indeed, subsequent analysis by mass spectrometry of a peptide set containing 72 15-mer proinsulin peptides revealed that up to 15% contained species that were 222 Da heavier than the target peptide, consistent with Fmoc adducts [64] . Hence, T cell responses to Fmoc-blocked peptides can potentially confound the interpretation of T cell assays. Other peptide adduct contaminants have also been described [65] [66] [67] .
The same types of preparations, i.e. proteins or peptides, used to evaluate disease-related T cell responses should also be used as positive controls to elicit memory recall responses in a majority of study subjects. Examples include tetanus toxoid or different cocktails of viral peptides. Polyclonal stimuli such as PHA, PMA/ionomycin or anti-CD3/CD28 antibody should be included only as supplementary positive controls for those patients who do not respond to the recall antigens of choice. They should in no case substitute for recall protein or peptide antigens, as T cell stimulation by these agents is less physiological and does not follow the same rules of antigen-specific stimulation.
In conclusion, neither protein nor peptide antigen preparations can be assumed to be completely free from potential contaminants. High-quality antigens (> 95% pure, endotoxin-free) are essential, although not necessarily sufficient (level of evidence: A). Similar reagents that elicit memory responses should also be included in T cell assays, along with polyclonal stimuli (level of evidence: E).
Reporting T cell assays
The lack of conformity on reporting T cell assay data often hampers the ability to objectively evaluate data, in the diabetes field as well as in other domains. To address this issue, a project christened MIATA (Minimal Information About T cell Assays) has been launched [68] . This project proposes to generate recommendations on the minimum information required to allow an objective and thorough interpretation of published results from immunological T cell assays. The initiative is currently undergoing a public consultation phase, in order to integrate the input and experience from a large number of experts in the field (http://www.miataproject. org). The long-term objective of this effort is to transform this initial consultation document into an acceptable framework for reporting data from T cell-based immunoassays. The vision for this project is to allow the establishment of an openly accessible and searchable public database to facilitate objective evaluation and meta-analysis of data generated in immune monitoring studies. The framework generated by this initiative will probably also be an important reference for reporting T cell assay results in the T1D field.
Conclusions
What we know
When comparing antigen-specific T cell responses in different individuals, it is of the upmost importance to standardize the procedures used for blood collection, processing and preservation. The following recommendations are proposed ( Table 2 ). The strength of these recommendations should be gauged following two criteria: (i) the level of evidence upon which they are based, from A (highest) to E (lowest; see Table 1 ; level of evidence for each recommendation is indicated in brackets); and (ii) the T cell assays used in published reports from which the recommendation was derived, as different T cell readouts may or may not be sensitive to the same parameter. These T cell assays are summarized in Table 2 . Ficoll preparations? [35] Washes with media containing human serum D IFN-g ELISPOT, class I MMrs [23] Whole blood versus PBMCs? [26, [40] [41] [42] PBMC freezing
Freezing media? [24, 53, 54] Medium temperature? [35, 47, 56] Caspase inhibitors? [55] PBMC concentration
/ml E n.a.
[53]
Cooling rate 1°C/min down to -70°C PBMC thawing Rapid, 37°C thawing temperature E n.a.
15-50 ml thawing volumes E n.a.
280-450 g, 5-10 min centrifugation E n.a.
DNase treatment if clumping 
